Human astroviruses (HAstV) have been found to be the second leading cause of acute viral gastroenteritis in young children worldwide, generally responsible for around 4 to 8% of cases (4, 8, 9, 20) , although incidences as high as 26% in isolated populations have been reported (15) . The HAstV particles are formed by a nonenveloped capsid protein and a polyadenylated positive-strand RNA genome of approximately 7 kb (10, 25) . The RNA genome has three open reading frames (ORF1a, ORF1b, and ORF2), each encoding at least one polyprotein.
The virus structural proteins, encoded in ORF2, are synthesized as a polyprotein precursor of approximately 780 amino acid residues (6, 17) , which is processed into at least three polypeptides that form the virus capsid. Astroviruses of different serotypes have been reported to contain structural proteins of approximately 34, 29, and 26 kDa (1, 2, 22) . A recent characterization of an HAstV serotype 8 (HAstV-8) strain revealed that the capsid initially assembles from a single protein of 70 kDa (VP70), which is later cleaved by trypsin into proteins of approximately 34, 27, and 25 kDa, with the concomitant enhancement of viral infectivity (17) . VP70 is synthesized as a precursor of approximately 90 kDa (the primary translation product of ORF2) (17) , which is cleaved at its carboxy terminus to yield the mature VP70 protein.
Two nonstructural polyproteins of astrovirus, encoded in the 5Ј-most ORFs, ORF1a and ORF1b, are believed to be responsible for the replication of the viral RNA (10) . Amino acid sequence analysis of the ORF1a-encoded polyprotein predicts four hydrophobic transmembrane regions and viral serine protease and nuclear localization signal motifs, whereas ORF1b includes sequences characteristic of an RNA-dependent RNA polymerase (10, 25) . Polyprotein nsp1a, of 103 kDa, includes sequences encoded only in ORF1a, while nsp1ab, of 160 kDa, includes sequences derived from both ORF1a and ORF1b. Protein nsp1ab is produced by a translational frameshift mechanism (12) (13) (14) 16) , using a signal similar to that described previously for some retroviruses, which is localized close to the ORF1a-ORF1b junction region (10) . By analogy with other positive-strand RNA viruses, it is believed that the astrovirus nonstructural polyproteins are cleaved to smaller polypeptides mainly by the viral protease.
The processing of the astrovirus nonstructural polyproteins has not been completely characterized, and some of the reported data are conflicting (5, 7, 11, 24) . Willcocks et al. (24) detected products of 75, 34, 20, 6.5, and 5.5 kDa in HAstV-1-infected cells by using antibodies to the carboxy-terminal end of nsp1a (amino acid residues 643 to 940), suggesting that the primary translation product of ORF1a is processed from its amino terminus, and also detected a protein of 59 kDa by using antibodies to nsp1b. Geigenmuller et al. (5) reported proteins of approximately 20 and 27 kDa as final products of nsp1a by transient expression of HAstV-1 cDNA clones and demonstrated that the cleavages at around amino acid residues 410 and 655 of nsp1a, which generate the 27-kDa protein, were dependent on the viral serine protease. Using an in vitro translation assay for HAstV-2 nsp1a and nsp1ab proteins, Gibson et al. (7) could not identify any processed products and suggested that the viral serine protease could require a cellular factor, not present in the reticulocyte lysate, for its activity. In con-trast, Kiang and Matsui (11) , with a similar approach, identified one viral serine protease-dependent cleavage immediately downstream of the protease motif, which yielded proteins of 64 and 38 kDa, derived from the amino and carboxy termini of nsp1a, respectively. This cleavage site (Gln 567 /Thr 568 ) identified in nsp1a (11) is different from the two described by Geigenmuller (5) responsible for generating the 27-kDa product.
To learn about the processing pathway and the final products derived from the nonstructural polyproteins of HAstV-8, virus-infected cells were analyzed with antibodies to different regions of nsp1a and nsp1b. We identified final protein products of 57, 20, and 19 kDa as well as two proteins of around 27 kDa, which were produced from the nsp1a and nsp1ab polyproteins through polypeptide intermediates of 145, 88, 85, and 75 kDa. Our results indicate that the proteolytic processing of the nonstructural polyproteins of astrovirus follows a complex pathway.
MATERIALS AND METHODS
Virus and cells. Caco-2 cells from the American Type Culture Collection and BHK-21 cells from C. M. Rice (Washington University, St. Louis, Mo.) were used for this work. Cells were cultured in a CO 2 atmosphere at 37°C with minimum essential medium (Eagle's salts) (MEM), supplemented with glutamine, and 10% (BHK-21) or 15% (Caco-2) fetal bovine serum (GIBCO/BRL). The HAstV strain Yuc8, isolated from a Mexican child, was adapted to grow in Caco-2 cells (18) . Viral stocks from passages 7 to 15 were used in this work, and they were propagated as described previously (17) , except that the virus was treated with 200 g of trypsin/ml for 1 h at 37°C before infection. The recombinant modified vaccinia virus Ankara expressing the T7 RNA polymerase (MVA/T7) (26) was kindly provided by B. Moss (National Institutes of Health, Bethesda, Md.) and was propagated in BHK-21 cells, basically as described elsewhere (3) .
Astrovirus recombinant proteins and antibodies. Recombinant plasmid vectors expressing selected regions of the astrovirus nonstructural proteins (Table 1) were constructed in pET28 (Novagen) or pGEX4T (Pharmacia) vectors by standard molecular biology techniques. Protein 1a-1 (including amino acid residues 41 to 257 of ORF1a) was expressed in Escherichia coli BL21(DE3) with the vector pET28; proteins 1a-3 (amino acid residues 401 to 638 of ORF1a), 1a-4 (amino acid residues 638 to 857 of ORF1a), 1b-1 (amino acid residues 33 to 171 of ORF1b), and 1b-2 (amino acid residues 201 to 362 of ORF1b) were fused to the carboxy-terminal end of glutathione S-transferase and expressed in E. coli strain JM101. Proteins were purified and used to immunize rabbits as previously described (17) . A peptide with the sequence IFLCFMEDSNYVSQIRGLI (named IFLC), corresponding to amino acid residues 328 to 346 of the Yuc8 ORF1a, was synthesized by Research Genetics Co. and coupled to keyhole limpet hemocyanin (KLH; Imject maleimide-activated KLH; Pierce), according to the conditions recommended by the manufacturer. The KLH-conjugated peptide was inoculated into BALB/c mice, according to the same protocol as that used for the recombinant proteins. Sera were collected 2 weeks after the fourth inoculation, after confirmation that antibodies to the astrovirus antigens had been generated.
Astrovirus cDNA constructs. Total RNA from Yuc8-infected cells was extracted with Trizol reagent (GIBCO/BRL) 12 h postinfection (hpi) and used for reverse transcription-PCR to amplify ORF1a and ORF1b. The cDNA fragments obtained were sequenced and compared with the previously reported sequence (18) to confirm their identity. Three nucleotide changes were observed in ORF1a, one conservative and two which resulted in amino acid changes (Leu to His at amino acid positions 3 and 361). Yuc8 sequences derived from ORF1a, ORF1b, and ORF1a-ORF1b were cloned in the pTM1 vector (kindly donated by B. Moss), in which transcription of the astrovirus genes is regulated by the T7 RNA polymerase promoter and their translation is dependent on the internal ribosome entry site element of encephalomyocarditis virus. The pTM1a construct contains the complete ORF1a, pTM1ab contains the complete nonstructural coding region (ORF1a and ORF1b), and pTM1b includes ORF1b starting at amino acid residue 33.
Pulse-chase experiments. Caco-2 cells were infected with Yuc8 (multiplicity of infection [MOI] of 5 to 10), previously treated with 200 g of trypsin/ml (trypsin, 1:250; GIBCO), for 1 h at 37°C to activate the virus infectivity (17) . After this treatment, to prevent the cells from detaching from the flasks during the virus adsorption period, the trypsin activity was inhibited by adding 400 g of soybean trypsin inhibitor (Sigma Co.)/ml, and the virus was added to the cells for 1 h at 37°C. Under these conditions, the viral infectivity was not affected by the presence of the trypsin inhibitor. The cells were washed twice with MEM and kept in MEM at 37°C. Twelve hours postinfection, the cells were pulse-labeled with 50 Ci of [
35 S]-Express protein labeling mix (NEN Life Science; NEG772)/ml in methionine-free MEM for 1 h at 37°C. After this time, the label was replaced with regular MEM, and the cells were harvested at different times, either in TNS buffer (Tris, 50 mM, pH 7.5; NaCl, 150 mM; sodium dodecyl sulfate [SDS], 0.5%; phenylmethylsulfonyl fluoride, 20 g/ml; leupeptin, 100 g/ml) or in TNT buffer (Tris, 50 mM, pH 7.5; NaCl, 150 mM; Triton X-100, 1%; phenylmethylsulfonyl fluoride, 20 g/ml; leupeptin, 100 g/ml). These samples were used for protein analysis by immunoprecipitation analysis.
Transient expression from HAstV-8 cDNA clones. BHK-21 cells grown in 24-well plates were infected with MVA/T7 (MOI of Ͼ10). After 1 h at 37°C, the cells were washed, and a mixture of 800 g of plasmid DNA and 2.5 l of Lipofectamine 2000 (GIBCO/BRL) in MEM, previously incubated for 30 min at room temperature, was added to each well. This mixture was maintained on the cells for 4 h and then washed twice with MEM, before 50 Ci of [
35 S]-Express protein labeling mix/ml in methionine-free MEM was added. After 12 h of incubation at 37°C, the cells were harvested in TNS buffer. These samples were used for protein analysis by immunoprecipitation.
Immunoprecipitation. Twenty microliters of 35 S-labeled cell lysates was mixed with 5 l of a mouse or rabbit antiastrovirus serum in RIPA buffer (Tris, 50 mM, pH 7.5; NaCl, 150 mM; sodium deoxycholate, 1%; Triton X-100, 1%; SDS, 0.1%) and incubated at 4°C. The samples were centrifuged at 13,000 ϫ g, the pellets were discarded, and the supernatants were mixed with 25 l of 50% protein A-Sepharose (Sigma, catalog no. P3391) in RIPA buffer. After 1 h at room temperature, the resin was washed three times with RIPA buffer and the labeled proteins were analyzed by SDS-polyacrylamide gel electrophoresis.
RESULTS
Few studies have examined the synthesis and processing of the HAstV nonstructural proteins, and many details of these events remain to be elucidated (5, 7, 11, 24) . In this study we contribute to the characterization of the processing of the nonstructural polyproteins of astroviruses, using as a model an HAstV-8 strain.
The infection of Caco-2 cells with HAstV at a high MOI does not shut off the cellular protein synthesis, and under these conditions, the capsid precursor polyprotein of 90 kDa (17) is the only viral protein clearly detected in the cell lysate (data not shown and reference 19) . Thus, to identify the processing products of the nonstructural polyproteins and to study the pathway of this processing, rabbit antisera to specific regions of the ORF1a-and ORF1b-encoded polyproteins were generated. The proteins were expressed in bacteria as fusion polypeptides with either a histidine tail (His) or glutathione S-transferase (Table 1) . To deal with the fact that the region including amino acid residues 250 to 400 of ORF1a is highly hydrophobic, a somewhat hydrophilic synthetic peptide (IFLC) from this region ( Table 1 ) was synthesized and used to generate antibodies in mice. Antisera to recombinant astrovirus polypeptides recognize specific proteins in Yuc8-infected cells. To identify the viral proteins produced during a Yuc8 infection, Caco-2 cells were infected and labeled from 12 hpi until harvesting, 24 h later. The labeled proteins were analyzed by immunoprecipitation with antisera to the Yuc8 recombinant proteins. Products ranging from 19 to 57 kDa were identified in cell lysates from infected but not from noninfected cells (Fig. 1A and B ). Antibodies to recombinant proteins 1a-1 and 1a-3 (Table 1 and Fig. 4) were consistently detected in Yuc8-infected cells as broad bands at ϳ20 (Fig. 1A) and ϳ27 (Fig. 1C) kDa, respectively, which in some gels were each resolved into two polypeptides of similar size (for instance, Fig. 1C , subpanels pTM1a and pTM1ab, and Fig. 2A and C) . As expected, based on the predicted size of the putative viral RNA polymerase encoded by ORF1b, antibodies to recombinant proteins 1b-1 and 1b-2 both recognized a protein of approximately 57 kDa in infected cells (Fig. 1B) . Antisera to peptide IFLC and to protein 1a-4 did not recognize any viral polypeptides in these assays (data not shown). To confirm these results, clones containing the complete sequences from ORF1a (construct pTM1a) and ORF1a-ORF1b (construct pTM1ab) and a fragment of ORF1b (starting at amino acid residue 33; construct pTM1b) were cloned and transiently expressed in BHK-21 cells by using the MVA/T7-RNA polymerase system (26) . In cells transfected with either plasmid pTM1a or plasmid pTM1ab, antibodies to 1a-1 detected two proteins of ϳ20 kDa and antibodies to 1a-3 identified a broad band at ϳ27 kDa (Fig. 1C) . In these experiments, the antiserum to 1a-4 recognized one protein of 20 kDa, which was not observed in lysates from Yuc8-infected cells. This 20-kDa protein would appear to be different from the ϳ20-kDa proteins recognized by antibodies to 1a-1, since antisera to 1a-1 and 1a-4 recognize different regions of nsp1a, and the immunoprecipitation experiments were carried out under denaturing conditions. Antibodies to peptide IFLC did not recognize a protein in these experiments (data not shown).
When the plasmid construct pTM1b was transiently ex- pressed, antibodies to 1b-1 recognized two proteins, of about 55 and 28 kDa, while the antiserum to 1b-2 detected only the 55-kDa product (Fig. 1D) . The smaller size of the product detected in this assay with the antisera to the 1b region than of the product immunoprecipitated from infected cells is probably due to the fact that plasmid pTM1b expresses the viral RNA polymerase starting from amino acid residue 33, while the cleavage site that yields the polymerase from the nsp1ab polyprotein is most probably located upstream of this residue. The 28-kDa protein recognized by antibodies to 1b-1 (Fig. 1D) was not observed in astrovirus-infected Caco-2 cells and may be the result of a spurious cleavage (around amino acid residue 260 of nsp1b) in BHK-21 cells. No protein was detected by the antisera to 1b-1 and 1b-2 when plasmid pTM1ab was transfected, probably because the product of the translational frameshift is expressed at a low level (data not shown). Considering the times at which infected and transfected cells were analyzed, the identified nonstructural astrovirus proteins of 57, 27, 20, and 19 kDa seem to represent the final processing products.
Proteolytic processing of the nsp1a polyprotein. To determine the protein intermediates generated during the processing of the nonstructural proteins, pulse-chase experiments with Yuc8-infected cells were carried out. The appropriate time for labeling the infected cells was determined based on the detection of the 27-kDa band (recognized by antibodies to 1a-3), since the presence of this product would indicate that the synthesis and processing of the polyproteins had occurred. The 27-kDa band was clearly observed starting at 12 hpi (data not shown).
Based on these results, the cells were infected with Yuc8, radioactively pulsed at 12 hpi for 1 h, and chased for different times. When antibodies to 1a-1 were used to immunoprecipitate the labeled viral proteins, two closely migrating proteins at ϳ20 kDa were already detected by the end of the pulse, which remained stable up to 4 h later ( Fig. 2A) , suggesting that either these products were the result of a cotranslational cleavage or they were generated very rapidly after the synthesis of the full-length polyprotein was completed. These proteins probably correspond to the 20-kDa products identified by the same Fig. 1C . Antibodies to 1a-1 also recognized a protein of ϳ88 kDa at different chase times, which probably represents the carboxy-terminal product of nsp1a after the ϳ20-kDa polypeptides were released (5). This assumption is supported by the fact that antibodies to 1a-4 recognized a protein of similar size (see below). Antibodies to IFLC recognized a protein of ϳ88 kDa which was processed to generate a 75-kDa protein, which also seemed to decrease its abundance with time (Fig. 2B) . No smaller protein was detected with this serum at later times, probably because it does not recognize the final product(s) of this region.
Antibodies to 1a-3, which should recognize products containing the serine protease motif, detected proteins of approximately 88, 75, and 27 kDa (Fig. 2C) ; this serum also recognized one protein of 66 kDa at early chase times in an inconsistent manner (data not shown). Two proteins of about 27 kDa, which migrate very close together in Fig. 2C and accumulate at late chase times, seem to represent final products of the polyprotein processing. No precursor-product relationship was clearly observed among the 88-, 75-, and 27-kDa proteins in Fig. 2C ; however, these proteins seem to correspond to the products detected by the anti-IFLC and the anti1a-4 antibodies.
Only one protein of ϳ88 kDa was detected by antibodies to 1a-4 in cells infected with Yuc8 (Fig. 2D) , which probably corresponded to the ϳ88-kDa protein detected by the antisera to 1a-1, 1a-3, and perhaps IFLC. The 20-kDa protein detected by antibodies to 1a-4 in the transient expression experiments (Fig. 1C) was not observed in astrovirus-infected cells.
Proteolytic processing of the nsp1ab polyprotein. To detect the intermediate proteins that result from the proteolytic cleavage of the nonstructural polyprotein nsp1ab, antisera raised to recombinant proteins 1b-1 and 1b-2 were used. Both sera recognized proteins of about 145, 85, and 57 kDa in astrovirus-infected cells. The first two proteins were more evident at early chase times and were reduced after a chase of 1 or 2 h, while the 57-kDa product accumulated at later times (Fig. 3) . This finding suggests that the 145-and 85-kDa proteins represent protein intermediates and that the 57-kDa protein represents the mature viral RNA polymerase.
DISCUSSION
Although studies of the processing of the nonstructural polyproteins of HAstV have been carried out in several laboratories, this event is still poorly understood (5, 7, 11, 24) . The identification of the final and intermediate proteins which result from the proteolytic cleavage of the full-length nonstructural protein precursors has been hampered by the lack of shutoff of the cellular protein synthesis by the virus (19) and because antisera to specific fragments of the nonstructural region have not been available. In this work, the intermediate and final products of processing of the nonstructural polyproteins encoded by ORF1a and ORF1b of Yuc8, an HAstV-8 strain, were analyzed with sera raised to recombinant proteins which spanned most of the nonstructural protein coding region (Fig. 4) .
Processing of nsp1a. The full-length polyproteins nsp1a and nsp1ab, with calculated molecular masses of 103 and 160 kDa, respectively, were not found in cell lysates from Yuc8-infected or plasmid-transfected cells, suggesting that cotranslational processing occurs during their synthesis, as previously shown for HAstV-1 in transient expression experiments (5) . Two proteins of around 19 to 20 kDa seem to represent the N-terminal products of the cotranslational processing of polyproteins nsp1a and nsp1b during astrovirus infection. It is unlikely that the cleavages on nsp1a and nsp1ab to generate these aminoterminal products are the result of the action of the viral protease, since they were not observed in a reticulocyte in vitro translation system (7, 11) , and the generation of an aminoterminal 20-kDa product has been shown to be independent of the viral serine protease activity by transient expression of nsp1a cDNA clones (5) . Of interest, the amino acid sequence GGYA, located at nsp1a amino acid residues 171 to 174, is similar to the junction E rns -E1 site of bovine viral diarrhea virus (GAYA/) cleaved by a cellular protease (21) , and cleavage at this nsp1a site would generate a product of approxi- FIG. 3 . Protein intermediates generated during the processing of nsp1ab. Proteins labeled and chased as described for Fig. 2 were immunoprecipitated with antibodies to either 1b-1 or 1b-2. The proteins were then separated in an SDS-11% polyacrylamide gel. The migration of the molecular mass markers (in kilodaltons) ( 14 C-methylated proteins; Amersham Pharmacia; CFA626) and of the viral proteins is indicated.
mately 20 kDa (5). The 19-to 20-kDa amino-terminal products of nsp1a may be either the result of a differential cleavage at their carboxy termini or the consequence of the initiation of translation at two different sites, since ORF1a has an additional AUG (inserted into the context ACAATGG), 21 codons downstream of the first AUG (GenBank sequence accession no. AF260508), which is conserved among all other HAstV sequenced so far (GenBank sequence accession numbers Z25771, L13745, and AF141381 for HAstV-1, HAstV-2, and HAstV-3, respectively). Antibodies to 1a-3 recognized two proteins of ϳ27 kDa as final products of processing. This finding agrees with a recent report by Geigenmuller et al., who detected two proteins of similar size in HAstV-1-infected cells, using antibodies directed to a protein region equivalent to that recognized by the anti-1a-3 serum used in this work (5) . It remains to be determined whether these two proteins are the result of alternative cleavage sites on nsp1a. As mentioned above, proteins of ϳ88 and ϳ75 kDa were also detected by antibodies to 1a-3; thus, these two proteins seem to represent intermediates of the final products of ϳ27 and 20 kDa detected by sera to 1a-3 and 1a-4 proteins, respectively, during the processing of nsp1a. Proteins of Ͼ120 and ϳ66 kDa were inconsistently detected by antibodies to 1a-3, and they could also represent intermediate cleavage products during the processing of nsp1a and/or nsp1ab (data not shown).
The 20-kDa protein recognized by antibodies to 1a-4 in the transient expression experiments was not observed in astrovirus-infected cells, probably because this region was further processed in the latter case. This idea is supported by the fact that proteins as small as 20, 6.5, and 5.5 kDa have been reported as processing products of the carboxy-terminal region of HAstV-1 nsp1a (24) .
Proteins of 75, 34, and 20 kDa (24) and of ϳ38 kDa (11) corresponding to the carboxy-terminal end of nsp1a have been reported; however, in this work only the ϳ75 (detected by anti-IFLC)-and 20 (detected by anti-1a-4)-kDa proteins were observed. One possible reason for differences in the nonstructural polyprotein processing among astroviruses could be the presence of insertion-deletion regions identified in astroviruses around residue 765 of nsp1a, which have been associated with virus adaptation to cultured cells (23) .
Processing of nsp1ab. Antibodies to 1b-1 and 1b-2 recognized protein products of 145, 85, and 57 kDa in the pulsechase experiments. The first two proteins most likely represent intermediates of the processing of nsp1ab, while the 57-kDa protein most likely represents the mature viral RNA polymerase. Given the two intermediate protein products of 88 and 85 kDa derived from nsp1a and nsp1ab, respectively, it is conceivable that they might represent the same intermediate product.
However, antibodies to IFLC and 1b-2, which recognize these products, would not be able to interact with a single protein of that size, given the relative localization of the region that they recognize in the nonstructural polyproteins. Thus, it is more likely that these proteins represent in fact two intermediates of the nonstructural polyprotein processing, as indicated in Fig. 4 .
Conclusions. Based on the protein products observed in this and other works, some general conclusions about the proteo- (ii) Although functional in an in vitro translation assay, the cleavage site dependent on the viral protease at Gln 567 /Thr 568 of nsp1a described by Kiang and Matsui for HAstV-1 (11) does not seem to be used during processing of nsp1a in Yuc8-infected cells, since it would prevent the generation of the ϳ27-kDa polypeptides, which contain the protease motif; of interest, a 27-kDa protein has also been detected in HAstV-1-infected cells (5) . (iii) The cleavage site to yield the viral RNA polymerase of 57 kDa seems to occur upstream of amino acid residue 33 of nsp1b. (iv) The end cleavage proteolytic products of the nonstructural polyproteins are the 57-kDa polypeptide, which probably represents the RNA polymerase; two proteins of ϳ27 kDa that might have the viral serine protease activity; and the 19-to 20-kDa proteins at the amino terminus of nsp1a, of unknown function. The putative localization of the nonstructural intermediate and final proteins detected in this work relative to the ORF1a and ORF1b regions was assigned based on their reactivities with the antisera raised to the specific regions of the polyproteins (Fig. 4) . Further studies are required to determine the precise astrovirus nonstructural polyprotein cleavage sites, to define the role of the viral and possibly cellular proteases in these cleavages, and to determine the function of the virus nonstructural proteins that result from this complex proteolytic cleavage pathway of large polyprotein precursors.
